Abstract: LDL-lowering therapies, predominantly involving statins, have been shown to significantly reduce cardiovascular events in asymptomatic subjects as well as in subjects with clinically established atherosclerotic cardiovascular disease. However, despite statin therapy, significant number of cardiovascular events continue to occur indicating the need for additional targets for atherosclerosis management. A number of pre-clinical studies have suggested that several HDL based therapies have the potential to stabilize or regress atherosclerosis consistent with epidemiologic evidence of an inverse relationship between coronary heart disease and HDL cholesterol levels. One such therapeutic approach involves direct infusion of HDL or HDL like molecules for rapid remodeling and stabilization of atherosclerosis. Pre-clinical and proof of concept type preliminary clinical studies suggest the feasibility and potential efficacy of this emerging new therapeutic paradigm.
INTRODUCTION
Cardiovascular disease is the leading cause of mortality, morbidity and health care expenditure in much of the developed world [1] . With increasing urbanization and prevalence of obesity, metabolic syndrome and diabetes, it is expected that cardiovascular disease will continue to be global challenge for the foreseeable future [1] . Current management of atherosclerosis includes adoption of a healthy life-style, use of anti-thrombotic agents, vaso-active drugs, lipid-modifying drugs and mechanical revascularization-oriented procedures. One of the mainstays of medical therapy involves cholesterol modification primarily targeting LDL-cholesterol with statins. Although pleotrophic effects of statins have been demonstrated, in the clinical setting, the primary benefit of these agents appear to be attributable to LDL-cholesterol lowering through inhibition of HMG Co A reductase, a key enzyme in cholesterol biosynthesis [1, 2] . Statin trials have demonstrated benefit in terms of reduction of major adverse cardiovascular events but despite such progress, nearly 3/4ths of adverse cardiovascular events continue to occur in-spite of statin therapy thus demonstrating that the " Glass is more empty than full". Recent emphasis on even more aggressive reduction of LDL-cholesterol with high dose statins to levels as low as 70mg/dl, have only provided a modest incremental clinical benefit (Table 1) [3] [4] [5] . Clinical studies utilizing imaging techniques to monitor the progress of atherosclerotic lesions have generally shown that atherosclerosis progression often continues despite LDL-C lowering and even with aggressive LDL-C lowering, halting progression rather than actual regression is the rule [3] . These stark realities continue to highlight the need for additional approaches beyond LDL-C lowering for atherosclerosis management [6, 7] . In this regard, HDL is now becoming the focus of attention.
WHY FOCUS ON HDL AS A THERAPEUTIC STRA-TEGY
Several epidemiologic studies have demonstrated an inverse relationship between HDL-cholesterol levels (HDL-C) or apolipoprotein A-I (major structural protein of HDL) and coronary heart disease (CHD) [6] [7] [8] [9] [10] [11] . A 1% increase in HDL-C level is associated with a 2-3 % decrease in CHD risk. In fact low HDL-C levels are a common risk factor for CHD in men with a prevalence ranging from 30-50%. As the prevalence and incidence of obesity and diabetes continue to increase, low HDL-C state, a common finding in such conditions, is likely to increase even further. The inverse relationship between HDL-C and CHD does not by itself distinguish HDL-C as a risk factor or a risk marker, however a considerable body of evidence suggests that HDL has direct atheroprotective effects. In this regard the favorable effects of infu-sion of crude homologous HDL/VHDL in rabbits and transgenic over-expression of apolipoprotein A-I in hyperlipidemic mice provided the first proof of concept in favor of a direct anti-atherogenic effect of HDL [12] [13] [14] [15] . Some of the large scale clinical trials have generally supported the benefits of increasing HDL-C although drugs in clinical use that increase HDL-C levels, such as statins, primarily lower LDL-C and have only a modest HDL-C raising (5-10% increase) effect or as in the case of Niacin and Fibrates, increase HDL-C to a greater degree (15-35% increase) but have other favorable effects on non-HDL lipoproteins and non-lipid risk factors [16] . Thus the clinical trial data to date does not unambiguously prove the HDL hypothesis.
PLEOTROPHIC FUNCTIONS OF HDL

Stimulation of Reverse Cholesterol Transport
HDL is a heterogeneous group of lipoprotein particles with variable size and composition. Apolipoprotein A-I is the major structural protein (70%) of HDL and plays a critical role in the biological functions of HDL. HDL plays a central role in the transport of cholesterol from peripheral tissues to the liver for eventual elimination through the biliary system into the gut and feces (Fig. 1) . This ability to stimulate reverse cholesterol or lipid transport is believed to be an important contributor to the athero-protective effects of HDL, since by this action, HDL can remove cholesterol deposits from the foam cells in the atherosclerotic lesion.. The initial step in the reverse cholesterol transport involves the translocation of free cholesterol and phospholipids from peripheral cells (such as macrophages and foam cells) to lipid poor apo A-I, synthesized in the liver and intestine, creating nascent HDL like particles. This step is dependent on the function of ATP binding cassette transporter A-I (ABCA-I), a key transmembrane protein that acts as a flippase or floppase. Loss of function mutations of ABCA-1 are responsible for Tangier's disease which is associated with severe HDL deficiency and widespread cellular cholesterol deposits. Subsequently the free cholesterol in the HDL is esterified by lecithin cholesterol acyl transferase (LCAT) leading to remodeling of HDL into HDL-3 and eventually into larger HDL-2 particles [6, 7, 17, 18] . The esterified and free cholesterol on HDL particles is delivered to the liver and steroidogenic tissues, adrenals and gonads, through selective uptake via the scavenger receptor B-1 (SR-B1).. However most of the HDL cholesterol ester is exchanged for triglycerides from VLDL/LDL and this exchange is catalyzed by cholesterol ester transfer protein (CETP). The cholesterol ester acquired by VLDL/LDL from the HDL is delivered to the liver through the low density lipoprotein (LDL) receptor pathway. In the liver, cholesterol secretion into the bile is regulated by key enzymes that include CYP, ABCG5/G8 and excess cholesterol is thus excreted as biliary sterols for eventual excretion into the gut and feces [17, 18] . In the gut absorption of intestinal cholesterol is in turn regulated by ABCG5/G8 which tend to eliminate cholesterol from enterocytes into the gut [17] . Recent studies have also shown that cholesterol efflux from macrophages to mature HDL (HDL2 and HDL3) particles, which are poor acceptors for ABCA-I, can occur through the activity of ABCG 1, which unlike ABCA-I does not efflux cholesterol to lipid poor apo A-I [19] .
Accumulation of apo B containing atherogenic lipoproteins in the arterial wall with subsequent oxidative modification, induction of inflammation, immune activation, angiogenesis, endothelial dysfunction and arterial remodeling result in atherosclerosis with eventual plaque rupture or erosion leading to arterial thrombosis and serious clinical events [20] . The beneficial effects of HDL and apolipoprotein A-I in athero-thrombotic vascular disease have been largely attributed to the stimulation of reverse cholesterol transport from arterial wall to liver; however, other biological actions may also play an important role in the athero-protective effects of HDL. These include: anti-inflammatory effects, antioxidant effects, anti-thrombotic effects, pro-fibrinolytic effects and the ability to improve endothelial function [6] [7] [8] [17] [18] [19] [21] [22] [23] [24] [25] [26] (Fig. 2) . The precise mechanisms for the antioxidant /anti-inflammatory actions of HDL are incompletely understood but may, at least in part, depend on enzymes carried by HDL (such as paraoxonase, platelet activating factor acetyl hydrolase) and the sphingolipid pathway [6, 7, 17, 18, 21] . Recent studies have suggested that increased eNOS activity resulting from HDL and SRB-1 interaction may mediate the favorable effects of HDL on endothelial function [22] .
HDL AS A TARGET FOR ATHEROSCLEROSIS MANAGEMENT
Based on the epidemiologic data and the biological functions of HDL and apolipoprotein A-I, increasing HDL levels and or enhancing HDL mediated biological actions have Fig. (2) .
become an important focus for potential use in the management of athero-thrombotic vascular disease. A number of different approaches for exploiting the favorable vascular effects of HDL are in various stages of development and testing as summarized in Fig. (3) [6, 7, 17, 18, 21] . One such strategy involves direct intravenous infusion of apo A-I or synthetic HDL like particle (apo A-I complexed to phospholipids). Intravenous infusion offers the potential for rapid stabilization/remodeling/regression of atherosclerotic plaque with the expectation of reduction in cardiovascular events.
PRECLINICAL STUDIES OF HDL INFUSION (TA-BLE 2)
The potential for the use of an artificial or synthetic form of HDL for atherosclerosis was first suggested by Orekhov et al. in a prescient letter to the Lancet in 1984 in which the authors described favorable cholesterol depleting effects of artificial HDL in cell culture experiments [27] . However it was Badimon et al. who first reported favorable in-vivo effects of homologous HDL infusion in cholesterol fed rabbits [12, 13] . A crude preparation of homologous HDL/VHDL fraction was isolated from rabbits using plasmapheresis and it was then infused intravenously in a second group of cholesterol fed rabbits. Badimon first demonstrated that HDL/VHDL infusion (40mg/week for 8 weeks) could reduce progression of fatty streak lesions in cholesterol-fed rabbits [12] . Badimon also showed that in rabbits with pre-existing fatty streak lesions induced by cholesterol feeding for 8
weeks, four weekly injections of HDL/VHDL (50mg/week) appeared to induce regression of fatty streak like lesions [13] . Miyazaki et al. later reported inhibition of progression of atherosclerosis in cholesterol-fed rabbits using purified homologous rabbit-plasma derived apolipoproteinA-I complexed with phospholipids [28] . However unlike Badimon et al., Miyazaki did not observe regression of pre-existing lesions using two different dosing regimens [28] . Interestingly, inhibition of atherosclerosis progression using 1 mg on alternate days for 60 days [cumulative dose of 30 mg] was comparable to that observed with weekly injections of 40mg/ injection for 8 weeks (cumulative dose of 320 mg) [28] .
Since 1992, our laboratory has been exploring the atheroprotective effects of a reconstituted from of HDL made from a complex of recombinant apolipoprotein A-I Milano and phospholipids. Apolipoprotein A-I Milano was the first naturally occurring mutant of apo A-I identified in a small group of individuals in the lakeside town of Limone sul Garda by Sirtori and Francheschini [29, 30] . The mutation is characterized by Arginine 173 to Cysteine 173 substitution leading to the formation of homodimers and heterodimers with wild type apolipoprotein A-II in the carriers [30] . There are about 40-45 individuals with this mutation all possibly descendants of a couple traced through church records to 1780 [Giovanni Pomaroli and Rosa Giovanelli]. All carriers are heterozygotes for the mutant allele, have very low levels of HDL cholesterol and apo A-I along with elevated triglycerides and yet appear to have family history of longevity without the expected excess of cardiovascular disease [29] [30] [31] . These observations have suggested the possibility that apolipoprotein A-I Milano may have improved functionality compared to the wild type apolipoprotein A-I [32, 33] . In fact increased efflux promoting capacity for apo A-I Milano compared to wild type apo A-I has been shown [32] . Similarly, Bielicki et al. have shown that apo A-I Milano has greater antioxidant effect compared to wild type apo A-I or apo A-I Paris, another thiol containing naturally occurring mutant of apo A-I [33] . Our laboratory first reported the marked atheroprotective effects of intravenous injections of a reconstituted from of HDL made from recombinant apolipoprotein A-I Milano complexed to a phospholipids carrier (5 intravenous injections given on alternate days at 40mg/injection) in the ileofemoral arteries of hyperlipidemic rabbits in whom a mature atherosclerotic lesion was induced by cholesterol feeding and balloon injury [33] . In addition to a nearly 70% reduction in atheroma volume compared to controls, we also demonstrated marked macrophage depletion from arterial lesions in apolipoprotein A-I Milano treated rabbits demonstrating a potent anti-inflammatory effect on the vessel wall. These results were achieved without a significant reduction in circulating total cholesterol levels. Subsequently, Soma et al. demonstrated similar results in a model of carotid arterial injury in the cholesterol-fed rabbit [35] . Over the subsequent years, our laboratory further demonstrated that recombinant apolipoprotein A-I Milano containing synthetic HDL infusion also inhibited progression of atherosclerosis, promoted regression of atherosclerosis, stimulated lipid and macrophage depletion from atherosclerotic lesions and reversed endothelial dysfunction in apo E null mice without a significant change in circulating cholesterol levels [36, 23] . Furthermore, we also demonstrated that a single large intravenous infusion of recombinant apolipoprotein A-I Milano (400mg/kg) induced a rapid (within 1 hour) and marked increase in cholesterol efflux in apo E null mice resulting in significant lipid and macrophage depletion out of advanced atherosclerotic lesions within 48 hours [37] . These results were further substantiated later in the carotid injury model in the cholesterol-fed rabbit by Chiesa et al. using local infusion of recombinant apo A-I Milano [38] . These series of promising experimental results from our laboratory and those from Milan formed the basis for the eventual launch of clinical studies of recombinant A-I Milano (ETC-216) by Esperion Therapeutics Inc, Ann Arbor, Michigan in 2001.
CLINICAL STUDIES OF HDL INFUSION (TABLE 2)
The first clinical studies of HDL infusion in man were reported by Carlson [39, 40] The investigators infused recombinant pro-apolipoprotein A-I (precursor of mature apolipoprotein A-I) complexed to soybean phospholipids liposomes (UCB SA, Pharma Sector) in subjects with low HDL or heterozygous familial hypercholesterolemia [40, 41] . In 4 patients with familial hypercholesterolemia, fecal sterol excretion was measured for 9 days preceding and for 9 days following a single intravenous HDL infusion (4 gm pro-apo A-I in 200ml over 20 minutes). The HDL infusion was asso- [12, 13] r-Apo A-I milano pc-complex Cholesterol -fed rabbits with balloon injury Markedly reduced plaque and macrophages Ameli, Nilsson, Shah et al. [34] r-Apo A-I milano pc-complex Cholesterol -fed rabbits with carotid cuff Reduced plaque and macrophages Soma et al. [35] Purified rabbit Apo A-I Cholesterol-fed rabbits Reduced progression (no regression) Miyazaki et al. [28] r-Apo A-I milano pc-complex Apo E null mice Inhibited progression and regression at high doses Marked reduction in plaque macrophage and lipid content Shah et al. [36] r-Apo A-I milano pc-complex Apo E null mice, single high dose infusion
Rapid Plaque lipid and macrophage depletion within 48 hours Shah et al. [37] r-Apo A-I milano pc-complex Cholesterol-fed rabbit a nd carotid injury l
Local infusion reduces fatty streaks, lipid and macrophage content Chiesa et al. [38] r-Apo A-I milano pc-complex Apo E null mice and rabbits Marked improvement in endothelial function Kaul and Shah et al. [23] R-Pro-Apo A-I PC Complex Humans Stimulation of fecal cholesterol excretion Carlson [39] Eriksson et al. [40] Plasma derived Human HDL Humans Stimulation of reverse cholesterol transport Nanjee et al. [41] Plasma derived Human HDL Hyperlipidemic humans Improved endothelial function Spieker et al. [44] r-Apo A-I milano pc-complex (ETC-216) Acute coronary syndrome patients Rapid coronary atheroma regression in 5 weeks Nissen et al. [45] ciated with increased fecal sterol excretion in all 4 subjects suggesting stimulation of reverse cholesterol transport [40] .
Other investigators have also demonstrated that infusion of plasma derived human apo A-I-phospholipid discs or recombinant pro-apo A-I-liposomes resulted in stimulation of various steps in the reverse cholesterol transport pathway in humans [41] [42] [43] . Intravenous infusion of plasma derived human apolipoprotein A-I phospholipids complex (40MG/KG over 4 hours) was also shown to rapidly normalize endothelium dependant vasodilation in hypercholesterolemic subjects through increased bio-availability of nitric oxide [44] . Despite these encouraging reports, at the present time, there are no reports of any clinical studies involving the use of wild type apo A-I containing HDL on atherosclerosis in humans.
Based on experimental studies reported from our laboratory and from the Milan team, human trials of recombinant apo A-I Milano phospholipids complex (ETC-216) were initiated in 2001 [45] . Following an initial Phase 1 trial in normal subjects where safety was established, a small randomized double blind placebo controlled trial was conducted in several centers in the US in patients with acute coronary syndromes [45] . In this trial, 47 patients out of a larger initially screened cohort of patients with acute coronary syndrome were randomly allocated to receive once weekly intravenous infusions of ETC-216 at 15mg/ kg [n=21] or ETC-216 at 45 mg/kg [n=15] or saline as placebo [n=11] for 5 weeks beginning within 2 weeks of initial clinical presentation. Intravascular ultrasound (IVUS) was used to measure atheroma volume and thickness in a single coronary artery showing angiographic evidence of 20-50 % narrowing involving at least a 30 mm segment, before the start of infusions and at the conclusion of the study 5 weeks later. The primary efficacy end-point of the trial was a change in % atheroma volume in the ETC-216 group (both doses groups combined) and the seconday efficacy variable was the change in total atheroma volume. The mean % atheroma volume decreased by 1.1 % in the combined ETC-216 group which was significantly (p= 0.02) different from the mean 0.14% increase observed in the placebo group. The absolute reduction in atheroma volume averaged 14.1 mm 3 in ETC-216 group reflecting a 4.2% decrease from baseline pre-treatment values [45] . Previous angiographic trials have shown minimal plaque regression, typically <1% over 18-36 months of intensive LDL-lowering therapy [46] . In contrast, this study demonstrated greater plaque regression -nearly 10-fold compared to high-dose atorvastatin in REVERSAL on a much more accelerated time course-5 weeks compared to 18 months in REVERSAL [3] . The infusion was generally well tolerated and no serious side effects were observed. Although this study was quite small, used saline instead of Fig. (4) . phospholipid as a placebo, was underpowered to detect a difference from placebo and failed to show a clear dose response, the findings were consistent with the preclinical results reported by us and our colleagues in Milan. These preliminary proof of concept observations have raised the tantalizing possibility that rapid remodeling /regression or stabilization of atherosclerosis with short-term infusions of recombinant apo A-I Milano (ETC-216) may be feasible warranting further investigations of this promising approach. However, widespread and chronic use of this therapy is likely to pose challenges both in terms of logistics as well as the cost. However, we believe that intravenous HDL infusion therapy, will have an important role as part of a multistep HDL-based therapeutic strategy for atherosclerosis. (FIG. 4) Infusion of HDL has been shown to reduce atherosclerosis and favorably modify plaque composition to a potentially more stable phenotype in animal models and preliminary small proof of concept studies in humans provide support for this novel therapeutic paradigm. However a number of issues relevant to human application of this therapeutic paradigm need to be addressed. These include demonstration of the consistency and durability of effect on atherosclerosis, dose requirements for optimal benefit, the most effective frequency of infusion needed, delineation of the relative efficacies of different forms of infusible HDL (wild type Apo A-I vs Apo Milano containing HDL, plasma derived versus recombinant HDL, delipidated autologous HDL) and other competing HDL-based therapies (oral agents, phospholipids, gene transfer) and assessment of long term safety and costeffectiveness. Over the next several years these issues are likely to be addressed with continued development and testing of this promising approach. It is quite possible that short term infusion of apo A-I /HDL will be used for rapid induction of atherosclerosis stabilization/regression and such an effect would then be sustained by either less frequent repeat infusions and or orally effective HDL raising or HDL mimetics or conceivably even HDL-related gene therapy [6, 7] .
PERSPECTIVES ON A NEW THERAPEUTIC PARA-DIGM
